
-- 

, .  

I 

I 

. 7 .  * 

t 

A 

I 

I 

1 

I 

A PHASED ARFAY ANTENNA SYSTEM FOR 
COM~IIUHICATION SATELLITES 

rl N66 29397 - . 4L 
z 
0 

UCCESSION N U M B E R 1  ( T H R U I  

I 
ex G-3 I - J \> / 

. (CODE1 (PAGES1 
i 
< 
1. 07 - 

CCATEQO*l 

mt- s 6 K ? 6  
(NASA CR OR TMX O R  AD N U M B E R )  

I 

W i l l i a m  Korvin 
Spacecraf t  E l e c t r o n i c s  Branch 
Spacecraf t  Technolo,T Divis ioa  I GSFC-NASA I 

m 

George G. Chadwick 
Di rec to r  of Engineering 
Radiat ion Systems Incorporate6 
Alexandria, Virginia 

I 

! 



1 
i 

/ 

A PHASED ARRAYY ANTENNA SYSTEM FOR COMAW3?JICATION SA4TELLITES 
I 

I n  t roda 2 ti o :I 

The a b i l i t y  t o  r e c e i v e  and/or tra:-.smit infor..lation from 

s a t e l l i t e  throagh t h e  use of a h igh ly .  d i r e c t i v e  a.itenna patzcza 
, 
I can  be of prime import'ance i n  space c o m u n i c a t i o n s .  A high 
, 

g a i n  antenna system a l lows  a g r e a t e r  communication range and 

a l s o  provides  some d i sc r imina t ion  a g a i n s t  undes i r ab le  e l e c t r i c a l  

i n t e r f e r e n c e .  
I 
I 

Many techniques  and systems have evolved as a means of 

producing high g a i n  antennzs,  

I t  is t h e  phased a r r a y  antenna system which holds  such fasicszi:--_, 

promise i n  the  satel l i te  communication f i e l d .  

t r u e  where d i v e r s i f i c a t i o n  (nanosecond beam swi tch ing ,  po la r i za -  

t i o n ,  mult i -channel  and mult i -direct ion)  is a r equ i r enen t .  

One approach is the  phased a r r z y .  
I 

T h i s  is  particul;:.:y 
I 

I 

I t  is one matter t o  imposecnastabi l ized (e.g. g r a d i e n t  

or s p i n )  sa te l l i t e  system t h e  requirement f o r  f i x e d  p o i n t i n g  

or n e a r  omni-radiation coverage and q u i t e  another  matter whez 

a s a t e l l i t e  must have the  a b i l i t y  t o  p o i n t  wi th  h igh  g a i n  
0 

1 anywhere in space (4 TT s t e r a d i a n  coverage). Perhaps t h e  

s a t e l l i t e  system naycimpose f u r t h e r  t h e  requirement t h a t  a 

c a p a b i l i t y  exist  t o  p o i n t  i n  t w o ,  t h r e e  or more d i r e c t i o n s  

s imul taneous ly .  I t  is then t h a t  considerably more s o p h i s t i c s z i o x  

must be inco rpora t ed  i n  communication s a t e l l i t e  antenna system 

desi,%. 
, 
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/ The antenna system s p e c i a l i s t  is aware of $hese cond i t ions .  
i 

/ Severa l  t echniques  are a v a i l a b l e  which s a t i s f y  some of t h e  s ta ted / 
/ requirements  or p a r t i a l l y  s a t i s f y  a i l  the requirements .  I X T?c:~; 

s a t e l l i t e  entenna systein, sponsored by NASA,  Godc.ard Space 

P l i g h t  Cei).':er, %as r e c e n t l y  been deveis2ped 2 x L  t c  s t e d .  Thzk 

engineer ing  node1 is considered pro"uaisly ?>e uos:. advnmed  i n  

s a t i s f y i n g  t h e - r e q u i r e n e n t s  of a t r u l y  a l l ,  or multi-purpose 

communication s a t e l l i t e  antenna system. It is a multi-beam, ii21.3 

g a i n ,  417 s t e r a d i a n s  coverage anteana s y s t e m .  
~ 

Perhaps,  as a c l a r i f i c a t i o n  o r  j u s t i f i c a t i o n  of t h i s  s t a t e -  ~ 

sent of t h e  c a p a b i l i t y  of t h i s  a r r a y ,  a b r i e f ,  52sic descri;;- 

t i o n  of so3e phased a r m y  antennas is  i n  o rde r .  The charac-Lz:*L. - 

t ics  of s e v e r a l  s p e c i f i c  s a t e l l i t e  an ten ta  s y s t e m  w i l l  a l s o  I '  

be mentioned. The theory 2nd hardware d e s c r i p t i o n  of t h e  

multi-beam, 417 s t e r a d i a n s  coverage antenna systems for com- 

munication s a t e l l i t e s  w i l l  be then descr ibed .  

Basics of Phased A r r a y s  

, 

A l l  phased a r r a y s  must s a t i s f y  t h e  cond i t ion  of proper  

amplitude d i s t r i b u t i o n  t o  t h e  ind iv idua l  e l e a e n t s  of t h e  
a r r a y  and t h e  c o r r e c t  r e l a t i v e  phase between t h e  elements 'io 

ach ieve  beam po in t ing .  

i s  cons idered  t h e  r e s u l t a n t  r e l a t i v e  f i e l d  p a t t e r n ,  ER(8), =:ay 

0 

If the 3 element a r r a y  of i s o t r o p i c  r a d i a t o r s  of F igure  1 
I 

1 
I 

where E is a cons t an t  
's, =&&e, 6,tZ-G-Q I - - - -  6 ,  =<?-\)d - 4 3  

A = phase d i f f e r e n c e  due t o  feeding .  

a = element spacing.  
8 = angle r e l a t i v e  t o  a r r ay  s u r f a c e .  
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The d i r e c t i o n  of propogation then  is a f u n c t i o n  of t h e  
electrical spac ing  between elements and r e l a t i v e  phase  of 
t h e  energy f e d  t o  t h e  elements. The p a t t e r n  beamwidzh as 

. w e l l  as t h e  s i d e  lobe  level of a p a r t i c u l a r  a r r a y  of N 

elements i s  f u r t h e r  dependent upon the amplitude d i s t r i b u t i c a  
a c r o s s  t h e  a r rayed  e;e=ler,ts ( i . e . ,  Gaussian,  cosine, cosicc 
squared,  etc , 1. 

I n  t h e  l i n e a r  phased a r r a y  block diagram shown i n  f i g u r e  2 ,  
Do, D1, D2, ----D 

in each t r ansmiss ion  l i n e  length  t o  c o n t r o l  the  beam scan  

r ep resen t  t h e  r equ i r ed  phase c o r r e c t i o n  n 

angle .  Scanning of t h e  beam by changing t h e  r e l a t i v e  phase 

can be achieved by s u c h  means a s  t h e  b i a s i n g  of d iodes ,  

v a r a c t o r s ,  etc. ,  o r  by t h e  a p p l i c a t i o n  of an electric f i e l d  

t o  ferr i te  dev ices  i n  t h e  RF t ransmiss ion  l i n e s .  

The characteristic beam of a l i n e a r  phased a r r a y  is  

such  t h a t  t h e  beamwidth i n  t h e  p lane  con ta in ing  t h e  elements 

is  a func t ion  of t h e  number of elements t h e  element spac ing  

and t h e  element e x c i t a t i o n ;  whereas t h e  beamwidth in the  
/ 

p l a n e  or thogonal  t o  t h e  elements is e s s e n t i a l l y  equal  t o  t h e  

beamwidth of a s i n g l e  element. 

r e s t r i c t e d  t o  scanning i n  t h e  plane con ta in ing  t h e  elements 

and t h e n  only t o  approxima-tely - +45) from broads ide .  A t  and 

beyond t h i s  s can  l i m i t  t h e  beam shape r a p i d l y  d e t e r i o r a t e s  

and g r a t i n g  lobes  become evident .  

T h i s  a r r a y  is  f u r t h e r  

-3- 



Phasing r z d i a t i n g  elements I n  lir,ear arrays a3d i n  

2 Oi' 3 d i a e n s i c n a l  az-,"zys, i n  f zc t ,  can be acccaplished t o  S rcv ide  

cont incous  bzz i  p o i n t i n g  I ui=rocg:l t h e  s c m  limits, or 
- 

it ca.:'~. be p!xseC: i n  Cisc;-ete s:e?s. 

t c z h i q x o  is icciuccc: by I ~ r c x o : : ~ ~ a l  rol?.?tlvo ?:?.:se shifts 

01 jusps between t h e  e leaents ;  hence tne r e s u l t  is  discre-Le, 

over lappizg  b e a s .  

%e disc;-e;;e s",e_u 

The i ccrementa l  phase s h i f t  t o  produce over lapping  b e x s  

can be accoll?plished with s t ep  ( d i g i t a l )  diode phase s h i f t e r s  

or throug.:? t h e  use  02 ma'irix d i s t r i b u 2 i o n  s y s t e l i  such  as tSi. 

Butler arzzy  technique  (2 igure  3 ) .  

t h e r e  are X inpu t  and N ou:pu-t ports. 

ifgure the;-e zre eigliz S sepnrate ic2uts. 

all eight  S zntenna por-cs ~ h r u  f ixed  phase s h i f t e r s  a r d  

power d i v i d e r s .  

r e s u l t i n g  be= t h r u  a x p l i t u d e  and phase d i s t r i b u t i o n  i n  2 - c  

mcltrix d l s t r i b u t i o n  syszex would b e  t h e  secozd bean t o  thz 

Left of t h e  0" a r r a y  axis. 

are s i m i l a r l y  prociuced Gut have dizr 'erent  p o i n t i n g  airec- 

tiocs. Y 

n i o  Dixensionzl  Phzsec! Array 

In t he  Eutlcr matrix 

In the i l l u s t r a t e d  
* I  

Ezch in?.ct feeds 

If Xr' energy is app l i ed  t o  s a y ,  porx 2L, t ~ c :  

The r e r a i n i n g  e ight  8 b e a s  

B e r n  d i r e c t i n g  t echc iques  i n  t h e  t ~ o  orthogonal  p l anes  

(2 dimensiocai  a r r a y )  r e q u i r e s  t h e  suzber  of componeats suck 
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Phase S h i f t i n g  Device - The Critical Component 
s t ee ;-ab le  

I n  a/phased a r r a y  antenna system t h e  l i m i t i n g  device  

is almost always t h e  phase s h i f t e r  or swi t ch  for discrete  

beam a r rays .  I t  i s  t h i s  component t h z t ,  i n  many c a s e s ,  

l i m i t s  the  power handl ing c a p a b i l i t y  and has a s t r o n g  input; 

on t h e  weight ,  t h e  power d r a i n  and coniplexity of t h e  antecna 

a r r a y .  

Consider t h e  fo l lowing  information.  I n  p r a c t i c e  t h e  

diode or  v a r a c t o r  phase s h i f t e r  or swi tch  is l i g h t ,  s m a l l  

i n  s ize  and can s w i t c h  i n  nanoseconds us ing  m i l l i w a t t s  of 

d r i v e  power. 

As an  example a discrete  o r  s t e p  phase s h i f t e r  may handle  20 

w a t t s  of average power a n d  approximately 1 .5  kw peak power 

i n  S-banq. A s t e p  f e r r i t e  phase s h i f t e r ,  by comparison, a t  

S-band can handle approximately 500 t o  600 w a t t s  average power 

and 70 t o  80 kw peak power. Unfortunately,  t h e  f e r r i t e  device 

is r e l a t i v e l y  heavy, l a r g e  i n  size and r e q u i r e s  i n  t h e  o r d e r  

of 2& amps a t  30 v o l t s  d r i v i n g  powerL 

it  s u f f e r s  from h y s t e r e s i s  e f f e c t s  i n  a d d i t i o n  t o  be ing  

temperature  s e n s i t i v e .  The  fol lowing list may be cons idered  

Its RF power handl ing is r e l a t i v e l y  small. 

r e q u i r i n g  300 m i l l i w a t t s  of d r i v e  power 

F u r t h e m o r e  ~ 

as ideal b a s i c  characteristics of  phase s h i f t i n g  devices': 

1. 

2 .  The phase s e t t i n g  m u s t  be independent of 

A minimum phase v a r i a t i o n  of 360'. 

temperature  and power, l e v e l .  

-6- 



3. 

4. 

The i n s e r t i o n  l o s s  m u s t  be low. 

The mechanical o r  electrical  i n e r t i a  shou1.d be 103;- 
t o  permit  phase s h i f t i n g  wi th in  t h e  r equ i r ed  

beam s h i f t  i n t e r v a l  w i t h  thc: a v a i l a b l e  d r i v i n g  

power. 

Beam Po in t ing  Requirements as  a Funct ion of 
S a t e l l i t e  Mission and F l i g h t  C h a r a c t e r i s t i c s .  

S ince  t h e  d i scuss ion  i n  t h i s  a r t i c l e  is confined t o  

comnunication s a t e l l i t e s  t h e  s p e c i f i c  s a t e l l i t e  mission i s  

f i x e d .  

system on a communication s a t e l l i t e  is concerned i s  t h e  

B u t  an  important  cons ide ra t ion  as f a r  as t h e  antenca 

s a t e l l i t e ' s  f l i g h t  characteristics, a l t i t u d e  and a t t i t u d e .  

Some of t h e  conmon s a t e l l i t e  o r b i t i n g  characterist ics can be 

ca tagor i zed  as one or sone combination o f :  

a. Spin s t ab i l i zed .  

b. Gravi ty  g rad ien t  s t a b i l i e d .  

F .  Synchronized. 

d .  Random motion or o r i e n t a t i o n .  

Sp in  S t a b i l i z e d  

Under t he  c o n d i t i o n z f  s p i n  s t a b i l i z a t i o n  t h e  s p i n  

ax is  of a sa te l l i t e  remains a l igned  i n  space p e r  f i g u r e  5 .  

- 7- 
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S t a b i l i z a t i o n  cond i t ion  of f i g u r e  5(a) r e q u i r e s  a d i r e c t i o n a l  
antenna bean t o  p o i n t  i n  any d i r e c t i o n  from t h e  s a t e l l i t e  i n  
space t o  achieve  cont inuous communication wi th  e a r t h .  If over- 
a l l  system performance a l lows  r e l a t i v e l y  s m a l l  s p a c e c r a f t  
antenna ga in  (+3db nominal) and janming, e i t h e r  n a t u r a l  o r  
man made, is  of no s e r i o u s  consequence then a nea r  omni- 
a n t e n n a . p a t t e r n  coverage would s u f f i c e .  T h i s  coulc. be 
accommodated w i t h  a t u r n s t i l e  type s a t e l l i t e  antenca 
assuming t h e  frequency/diameter of t h e  s a t e l l i t e  r a t io  is a 
f r a c t i o n  of a wavelength. Another s o l u t i o n  is f o r  2 or 
more broad p a t t e r n  antennas t o  be l o c a t e d  on t h e  sa te l l i t e  
(with or wi thout  swi tch ing) .  
of antenna elements  could  be used i n  phased a r r a y s  or s i n g l e  
elements.  

- 

Many v a r i a t i o n s  or combinations 

Now cons ide r  t h e  s p i n  stabil ized cond i t ion  of f i g u r e  5 ( b ) .  

In t h i s  case p a t t e r n  coverage is necessary only i n  t h e  p l ane  of 
t h e  o r b i t .  
energy t o  form a d i s k  shaped p a t t e r n .  Or i f  a more d i r e c t i v e  
antenna p a t t e r n  is  needed a despun antenna can be used. I n  t h i s  
l a t te r  case a beam is scanned around t h e  s a t e l l i t e  i n  t h e  oppos i t e  
d i r e c t i o n  t o  and a t  t h e  same rate as t h e  sa te l l i t e  r o t a t i o n .  
Gravi ty  Gradient S t a b i l i z a t i o n  

Adequate p a t t e r n  coverage can be achieved by radiaticg 

The g r a v i t y  g r a d i e n t  t ype  of s a t e l l i t e  o r i e n t a t i o n  is 
i l l u s t r a t e d  i n  fimre 6. The d i r e c t i o n a l  p o i n t i n g  r equ i r e -  
ments of t h e  antenna system are r a t h e r  obvious. Again, how 
much g a i n  i n  t h e  s a t e l l i t e  antenna is requ i r ed  t o  e x h i b i t  i s  a 
f u n c t i o n  of system requirements  inc luding  s a t e l l i t e  range from 
t h e  e a r t h  t e rmina l  s t a t i o n .  For  t h i s  cond i t ion  a phased a r r a y  
w i t h  a r e l a t i v e l y  s m a l l  s can  angle  can  be used i f ,  indeed,  s c a n  
is needed. 

-8- 
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Svnchronized S a t e l l i t e  S t a b i l i z a t i o n  

A synchronized s a t e l l i t e  s i m p l i f i e s ,  SGEewhat, the 

requirements  imposed upon communication s a t e l l i t e  antennz: 

arrays. 

on earth and a t  a f i x e d  range for connunicat ion syster.1 

c a l c u l a t i o n s .  

g rad ien t  s tab i l ized  i n  add i t ion  t o  be ing  synchronous pe r  

f i g u r e  7 ( a ) ,  (b), (c). The antenna sys tem depends upon 

t h e  a t t i t u d e  of the sa te l l i t e  and how w e l l  t h i s  a t t i t u d e  

wi th  r e s p e c t  t o  ea r th  caa  be c o n t r o l l e d .  

The  s a t e l l i t e  remains over  a nea r ly  f i x e d  p o i n t  

The s a t e l l i t e  can be e i ther  s p i n  or g r a v i t y  

The antenna a r r a y  could be a beam scanning or beam 

swi tch ing  type.  

beaa a r r a y  could be used. 

antenna used is a func t ion  of system requirements.  

It is p o s s i b l e  t o  use  t h e  three synchronize<. 

s a t e l l i t e  approach where each of three s a t e l l i t e s  a t  an 

a l t i t u d e  of near  19,500 n a u t i c a l  m i l e s  above t h e  e a r t h ' s  

s u r f a c e  provides  coverage of approximately one t h i r d  of 

t h e  ear th 's  su r face .  

world-wide communication can be  obta ined .  

l i t e r a t u r e  h a s  been w r i t t e n  on t h i s  h igh  a l t i t u d e  s y s t e n  

a long  w i t h  t h e  m u l t i p l e  (50 s a t e l l i t e s )  random-spaced 

communication s a t e l l i t e  system where t h e s e  lower a l t i t u d e  

sa te l l i t es  (2,200 n a u t i c a l  miles above t h e  e a r t h ' s  surface) 

are p laced  i n  o r b i t  around t h e  e a r t h  t o  achieve  world-wids 

communication. 

If necessary a m u l t i p l e  t w o  or three fixe:: 

Again, t h e  d i r e c t i v i t y  of t he  

I t  i s  under t h i s  l as t  cond i t ion  t h a t  

Considerable  

-9- 
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Random Or ien ta t ion  S a t e l l i t e  

The random v a r i a t i o n  of s a t e l l i t e - e a r t h  o r i e n t a t i o n  o r  

look ang les  p r e s e n t s  q u i t e  a chal lenge  t o  t h e  antenna s y s t e m s  

engineer .  The random o r i e n t a t i o n  s a t e l l i t e  shown i n  f i g u r e  8 

is not  t o  be confused with t h e  mu l t ip l e  ?andom spaced sateliite 

s y s t e m  previous ly  mentioned. A poss ib l e  antenna des ign  t o  s o l ~ ~ :  

t h i s  problem is t h e  omni-pattern coverage where t h e  a b i l i t y  t o  

t r a n s m i t  and r e c e i v e  communication is independent of earth 

-- 

sa te l l i t e  o r i e n t a t i o n .  True o r  complete omni-pattern coverage 

is not  t o o  e a s i l y  accomplished s i n c e  some h o l e s  or n u l l s  i n  

t h e  p a t t e r n  w i l l  e x i s t  i n  p r a c t i c e .  I n  a d d i t i o n  omni-coverage 

is  synonymous with low g a i n  and i n  some cases may prove inadeqca tc .  

Another s o l u t i o n  would be one i n  which high g a i n  4n s te rad ians  

r a d i a t i o n  coverage is  achieved, say ,  t h r u  t he  use of a m u l t i p l e  

beam antenna phased a r r ay - sys t em.  

F i n a l l y ,  w i th  r e s p e c t  t o  ear th-sa te l l i t e  o r i e n t a t i o n  one 
inadve r t en t  

can conceive of many/combinations of s a t e l l i t e  a t t i t u d e ,  

a l t i t u d e  and motion ( sp inning ,  tumbling, coning,  e t c , ) .  

Obviously,  c o n t r o l  over  t h e s e  parameters is extremely desirable .  

Some Phased Array Systems 

, Some very p r a c t i c a l  and u s e f u l  communication s a t e l l i t e  

phased a r r a y  techniques  have been designed i n  t h e  p a s t  few 

y e a r s  wh ich  deserve  mentioning. No at tempt  w i l l  be made t o  

cover  a l l  t h e  o p e r a t i o n a l  systems. I n  gene ra l ,  they f a l l  i n t o  

one o r  more of t h e  s a t e l l i t e  o r i e n t a t i o n  c a t e g o r i e s  p rev ious ly  

d e s c r i b e d .  Only t h e  p r i n c i p l e s  of opera t ion  used t o  achieve  

-10- 
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t h e i r  p a t t e r n  coverage w i l l  be discussed a long  wi th  some of 
t h e i r  l i m i t a t i o n s .  Detailed system in format ion  is r e a d i l y  
a v a i l a b l e  i n  e x i s t i n g  l i t e r a t u r e .  
Syncom A n t e n m  System 

The syncom s a t e l l i t e  antenna system i s  an  exanple of a 
satellite stabilization 2nd an axteam system radla tion patcerr. 
configured i n  t h e  most compatible manner. With t h e  s a t e l l i t c  
i n  a s p i n  s t s b i l i z e d  cond i t ion  and t h e  s p i n  a x i s  perpendicular  
t o  t h e  plane of t h e  o r b i t  pe r  f i g u r e  7(b)  complete antenna 
coverage t o  t h e  earth is  provided by a p a t t e r n  of 6 t o  8db ga in .  

The d i s k  p a t t e r n  provides  omni-azimuth coverage w i t h  t h e  

p a t t e r n  i n  t h e  p lane  of t h e  o r b i t .  The p a t t e r n  is formed by 
a l i n e a r  array of . coax ia l  s l o t s  thereby producing t h i s  phased 
narrow beamwidth i n  the  p lane  noma1 t o  :he o r b i t a l  plane . 
V i t h  the '  d i s k  shaped pa t te r ,?  produced by t h e  co l l ix iear  a r r a y  
i t  must be remembered t h a t  a r a t h e r  s t r i c t  c o n t r o l  of t h e  

ear th-satel l i te  s p i n  o r i e n t a t i o n  is requi red .  The t h i n n e r  t h e  

"disk-pat tern",  t he  more c o n t r o l .  
App l i ca t ions  Technology S a t e l l i t e  F-1 

2 

T h i s  antenna system scans  thru 360° i n  azimuth w i t h  a h ighly  
d i r e c t i v e  beax. B r i e f l y ,  i n  one form t h e  system is comprised 
of 16  l i n e a r l y  po la r i zed  elements ( c o l l i n e a r )  a r r m g e d  i n  cylin:i;.l  :a1 
f a sh ion  shown i n  p l a n  view i n  f i g u r e  9. The d i r e c t i o n a l l y  Op;J;jst3 . 
e l e n e n t s  are phased i n  t h e  end f i re  mode t o  produce c a r d i o i d  
enveloped p a t t e r n s  similar t o  t h a t  shown. To produce a more 
d i r e c t i o n a l  beam i n  the  s p e c i f i c  azimuth shown by t h e  arrow, the  

c a r d i o i d  enveloped p a t t e r n s  produced by t h e  p a r i e d  elements 
- /?I, 91, 

-11- 
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(2, SI, (3,7), (4 ,6) ,  (12, 141, (11 ,15 ) , - (10 ,  1617 - and 

elements 5 and 13 are proper ly  phased. Thrns 9 p a t t e r n s  

c o n t r i b u t e  t h r u  proper  phasing t o  t h e  forming of t h e  

d i r e c t i o n a l  beam i n  a z i m u t h .  I t  is i n p o r t a n t  to no te  

that  o'lements 5 and-13 n s t  (and do) ac t  indepcnciently 

( i . e . ,  not  i n  t h e  end f i r e  mode) i n  c o n t r i b u t i n g  t o  the 

p a r t i c u l a r  az imuth  beam d i r e c t i o n  shown. 

The phasing is accomplished by f e r r i t e  phase s h i f t e r s .  

The a r r a y  func t ions  a t  one s p e c i f i c  frequency ( i . e ,  

narrowband). Beam scanning is not  a v a i l a b l e  i n  e l e v a t i o n .  

T h i s  beam scanning a r r a y  could be used  i n  the earth- 

s a t e l l i t e  communication system of r e l a t i v e l y  high a l t i t u d e  

s i n c e  cons ide rab le  ga in  above i s o t r o p i c  ( s a y  1s db) is 

a v a i l a b l e .  F u r t h e r ,  t h e  a r r a y  scanning c a p a b i l i t y  m a k e s  

i t  very  a t t r a c t i v e  for t h e  synchronous missions.  

Tels tar  I Communication Antenna 

The Tels ta r  I Communication Antenna System p h y s i c a l l y  

formed two b e l t s  around t h e  equator  of t h e  near -spher ica l  

s a t e l l i t e  34.5 i nches  i n  diameter . The p a t t e r n  desired 

w a s  one which could be produced by a l a r g e  sphere  sepa ra t ed  

by a gap a t  t h e  equator .  A p a t t e r n  a n a l y s i s  i n d i c a t e d  t h a t  

a n  antenna of t h i s  type could maintain nea r ly  omni-coverage 

t o  w i t h i n  about 20' of t h e  poles  of t h e  s p h e r i c a l  s a t e l l i t e .  

The omni-coverage antenna p a t t e r n  is desirable because of 

the requi rements  d i scussed  under s p i n  s t a b i l i z e d  s a t e l l i t e s  

earlier. -12- 

3 
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Unfortunately , because of mechanical problems and 

thermal grad ien t  problems a simple s e p a r a t i o n  of t h e  

two ha lves  of t h e  sa t ;e l l i -&e was not  acxeptab le .  Elence, 

t h e  m u l t i - x c i a t i n g  c l cnen t  ai)prosiza-;ion of t h ~  bisccted 

sphe re  is uscd. By ;>?.zzi:ig circul.zi-l:r po lar izc i  clc.n:cr,ts 

around t h e  equator  of the sphere a t  0.8h o r  less spac ing  

t h e  p a t t e r n  r i p p l e  could be minir.:j-zed. 
L 

O r e  r i n g  a r r a y  was designed for GGC ( r ece ive )  and 

t h e  o t h e r  for 4GC ( t r a n s m i t j .  A t  GGC, 72 c i r c u l a r l y  

p o l a r i z e d  elements were requi red  t o  fora. t h e  2rray b e l t  

and a t  4GC, 48 w e r e  r equ i r ed  ( f i g u r e  10). Tree-like a r r a y s  

of hybr ids  ( r e s i s t i v e  d i v i d e r s )  w e r e  used as the d i s t r i i u t i o -  

s y s t e m s  t o  t h e  r a d i a t i n g  elements. -4 r e a c t i v e  power d i v i d e r  

w a s  used t o  feed t h e  segaented groups of r e s i s t i v e  power 

d i v i d e r s .  

Typical  p a t t e r n s  for t h i s  method of forzaing a f ixed  

phased array are shcwn i n  f i g u r e  11. 

T h i s  phased a r r a y  antenna system does not  scan. The 

nea r  omni-coverage s a t i s f i e s  s y s t e m  requirement i nc iud ing  

t h e  s a t e l l i t e  f l i g h t  c h a r a c t e r i s t i c s  of a l t i t u d e  and s p i n  

s t a b i l i z a t i o n  and t h e r e f o r e  the  added complexity of a 

0 

scanning  a r r a y  is avoided. 

-13- 
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A 47 Ste rad ian  Coverage Phased Array 

Ii ' lth t h e  bi-aaci b ra sh  t reatment  cover ing  t h e  sa l i en t ;  

feztures  of phased array p a t t e r n s  for cori1ntunica;lon s a t e l l i t e s  

co:n--3letec!, thz ;2haszld 2i-r::~ z n t e n n a  s y s t e n  w l t h  ::;ul-,:i-px--;osc 

co.x.;mnfcztion czpzb i l i zy  will be described. 

A p i c t o r i a l  view of t h e  beam po in t ing  of t h i s  phased array 

is shown i n  figure 12. 

The two 12 element c i r c u l a r  ape r tu re  g l a n a r  z r r n y s  form 

12 discrete  Seaics each enabl ing  0' t o  450 cone coverage f r o s  

t h e  ax i s  of t h e  c y l i n d r i c a l  sa te l l i t s .  

around t h e  axis i n  d i sc re t e  s teps  as opposed t o  or thogonal  

rootion of beam i n  r e c t a n g u l a r  or square  a p e r t u r e  t o  achfeve 

coverage eqn iva len t  t o  2 f i 2  - J2)27 s t e r a d i a n s .  

The beans y recess  

- 
The 64 e l e x e n t  c y l i n d r i c a l  a r r ay  of 1 6  elelcents i n  banks 

of 4 on t h e  per iphery  of t h e  c y l i n d e r  f o m s  beams which cover  

360° i n  azimuth i n  16  discrete  beams. 

of t h e  16 azimuth beam p o s i t i o n s  t h e  bean? scans  +49 > i n  

e l e v a t i o n  i n  4 discrete beans. 

a r r a y  under t h i s  arrangenent  Is 2 J27~ s t e r a d i a n s .  

I n  a d d i t i o n ,  at each 

- 

Tota l  coverage for t h e  cylindric::: 

1 I n  t o t a l ,  t h e  c a p a b i l i t y  t o  cover t h e  complete 4n s t e r a d i a n s  

of space  i n  88 discrete  beams. 

-14- 
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Theory of Cperat ion - C y l i n d r i c a l  Array 

The geometry 02 t h e  c y l i n d r i c a l  a r r a y  h a s  almzys beeii 

appea l ing  t o  system des igners  5ecausL? cf i t s  a b i l i t y  to 

grovide  380 degrees  of coverage. 

a r ray . ,  3 bezrii xay be svrzpt t:ii-ough 3, jO dcgrces by c s h g  

any of t t e  cunerous techniques a v a i l a b l e  f o r  scanning a 

l i n e a r  a r r ay .  When used t o  provide r m l t i p l e  beams, an 

a r r a y . o f  N elements i s  exc i t ed  by N l s o l a t e d  ir .puts.  

i n p u t  corresponds t o  a bcara in a selected d i r e c t i o n ;  a l l  

of the  N Seams bein2 disposed un i fo rn ly  over  360 degrees  

of azimut:l angle .  

a r r a y  and the  niultiple-beam a r r a y ,  t h e  r e s o l u t i o n  achiebec 

is comparable t o  Thax a v a i l a b l e  from a p l a n a r  a p e r t u r e  

of t h e  szme he igh t  and wi th  a l eng th  equal  t o  t h a t  of t he  

c y l i n d e r  diameter .  

When used 2s a scznning  

. 

Each 

I 

13 L;ozh the i n s t a n c e  02 xhe scanning 

I n  a convent ional  l i n e a r  a r r a y ,  each e l e n e n t  is  

c o n t r o l l e d  i n  zmplitude and phase t o  achieve a given 

result. I n  t h e  c y l i n d r i c a l  a r r ay ,  t h e  o u t p u t s  of each 

element of an  a r r a y ,  having N e lements ,  are processed by 

a network having N i n p u t s .  Each inpu t  e x c i t e s  a l l  of t h e  

N a r r a y  elements  w i t h  equal  amplitudes,  bu t  w i t h  d i f f e r i n g  

phase e x c i t a t i o n s .  

The increments  of phase progression i n c r e a s e  from one 

p rocess ing  p o r t  t o  t h e  next. The r e s u l t i n g  fa r - f ie ld  

p a t t e r n s  2or each of these modes are nea r ly  ornnidirect ionzi  

for  t h e  i n s t a n c e  where t h e  phase progress ion  between t h e  

e lements  is no t  large. 

0 

These phase e x c i t a t i o n s  are progress ivz  

A s  the in te re lement  phase progres- 

sion i n c r e a s e s  w i t h  increasing modo number, the  onniairecx- - ._ 



I ,  
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i 
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! 

i v i t y  of %e mcde d e t e r i o r a t e s .  Wher, t h e  h ighes t  o r d e r  

mode is  used,  t h e  phase progression Setvreen e l e n e n t s  is 

130 degyees. T h i s  t y p e  of pbase e x c i t a t i o n  generazes  aL 

N-loScd z.?.pIitude pat ter-c  which, bccz.use of i ts  spcclai 

cature ,  is ocly u s c f n l  ;"or nulti Ijle-:,car apglicnXion;. 

The f a r - f i e l d  phase p a t t e r n  of t h e  rcmaining nodes is  not  

uziform w i t h  azimuth angle  b u t  w i l l  vary from ze ro  t o  

- + (N -2) 2/2 degrees (where 

depending on which iapu-: port  is exc i t ed .  Tke  mathematicai  

form of t:ie pseudo oxinidirect ional  pat- lercs ,  generated by 

these re;lair,ing (IC - 2 )  i npu t  ports, d i f f e r s  f x n  the 

matheniatical form of t h e  i n d i v i d u a l  elements of a l i n e &  

a r r a y  only i n  t h e  d e f i n i t i o n  of t h e  arguument. Since t h e  

p a t t e r n s  genera ted  by t h e  i n p u t s  of the c i r cu la r  array 

p rocess ing  network are of t h e  sane form 2s those  used for 

a l i n e a r  a r r a y ,  it follows t h a t  t h e y  niay, i n  t u r n ,  be 

processed by zny of t h e  myr iad  techniques  used t o  process  

a l i n e a r  array.  

is t h e  azimuth a r g l e ) ,  

I t  is important  t o  d i s t i n g u i s h  between the individuz: 
a 

terns used i n  both  cases, I n  t h e  l i n e a r  a r r a y ,  t he  e1emen:L.l 

terms r e p r e s e n t  t h e  con t r ibu t ion  of a s i n g l e  r z d i a t o r  i n  

t h e  a r r a y .  I n  t h e  c y l i n d r i c a l  a r r a y ,  t h e  equiva len t  

e lementa l  terns each rep resen t  t h e  e q u i m p l i t u d e  p rogres s ivc  

phase e x c i t a t i o n  of a i l  N elements. The d i s t i n c t i o n  b e x w m  

t h e  c y l i n d r i c a l  a r r a y  terns, or  modes, is  s i n p l y  t h e  

incrementa l  phase d i f f e r e n c e  between each of t h e  N elements .  

-iG- 



Figure  13 is  a ske tch  d e p i c t i n g  N % r a d i a t i n g  elements 

arranged to form a r i n g  i n  t h e  horizon plane.  

o r i e n t z t 2 o n  of t h e  a r r a y ,  and t h e  phys i ca l  =LTZ;LY paramete;*s 

The s p a c i z l  

denoted I n  -i;hLs fig-ui-e, w i l l  be rrscd throughoil'; t h e  re- 

mrrindcr of *ckie discwssion. Tkc i-aciS.a-t;ion p n t t c ? r n s  r ca l i z -  

able from t h i s  type  of a r r a y  may be represented  i n  complex 

Four i e r  form as 

E(#)  

! 

- Ao(@) +Al (a) eJ' i- A2 ($) eJ2'---A ($)e  j N9 N , 
or more simply i n  t h e  summation form, 

n - N - 1  

E ( $ )  = v L A - e  jnB . 
AI 

n = O  L 

In ear i l ie r  a p p l i c a t i o n s ,  most i n v e s t i g a t o r s  were 

only  i n t e r e s t e d  i n  e x c i t i n g  t h e  A. term t o  achieve an  

equiphase,  equiamplitude d i s t r i b u t i o n  of radiated energy 

i n  t h e  @ plane.  

i n  phzse and a n p l i t u d e  were gene ra l ly  minimized. 

The imperfec t ions  i n  t h e s e  p a t t e r n s ,  boik 

These 

imper fec t ions ,  represented  by t h e  remainder of t h e  Fouriei- 

terns, gene ra l ly  inc reased  w i t h  frequency, thereby 1 i a i t i - g  

t h e  range of f requencieswover  which a given maximum level 

of imperfec t ion  could  be achieved. L a t e r  e f f o r t s  were 

concerned wi th  t h e  gene ra t ion  of s ingle- lobed p a t t e r n s .  

These p a t t e r n s  were i n d i r e c t l y  realized by the  j u d i - '  b 1 0 U S  

c o n t r o l  of t h e  c o e f f i c i e n t s  An. 

t h a t  t h e  des ign  procedure w a s  not gene ra l ly  synthes ized  

d i r e c t l y  from t h e  F o u r i e r  series of equat ion  (1). Ear ly  

I t  should be noted,  howevzt;., 

-17- 



bean-forming methods modified t h e  element phases with 

l i n e  l e n g t h  dev ices  t o  form a plaae wave f r o n t  and tfica 

t h e a e n e n t  e x c i t a t i o n  vms var ied  t o  achieve a g iven  bem 

shape. Sonotheless, it can be shown t h a t  ecjui7mle:it 

results could have beex achieved by control l in: ;  t h e  

amplitude c o e f f i c i e n t s  of equat ion (l), 

The idea o f , s y n t h e s i z i n g  any beam from a c i r c u l a r  

a r r z y - t h a t  could be synthes ized  from a l i n e a r  a r r a y  first 

germinated when t h e  s i n i l a r i t y  of t h e i r  basic format 

w a s  recognized. The gene ra l  e x p e s s i o n  f o r  a l i n e a r  

- a r r a y  of N elercents may be w r i t t e n  d i r e c t l y  as 
L 

n - N - P  
c A eJnu @ 

n E ’  ($1 = 

n = O  

= t h e  a r r a y  f z c t o r  of an a r r a y  of N l ineal .  

= t h e  nunber of e lements ,  

= the nth amplitude e x c i t a t i o n  coef f i c i e n x  , 

Where: ’ E ’  ($1 
elements,  

N 
‘ 1  

1 An 
, U = k S cos  $, 

I k = 2 d X ,  . I 

I 

i S = e lenen t  spacing . 
I 

If t h e  conparison between (1) and (3) is l i m i t e d  t o  

one p l ane ,  i t  becomes apparent  t h a t  the only s i g n i f i c a n t  

d i s t i n c t i o n  between t h e  two equat ions  is t h e  form of the  

argument. I n  t he  i n s t a n c e  of the  r i n g  a r r a y ,  t h e  argument 

is simply 6, t h e  azimuth angle .  However, i n  t h e  case of 

the l i n e a r  array, the aqpnrent is u - kScosj8. Except for 
- I  - * .  -- 



4s 

l i m i t s  t hen ,  i t  fo l lows  t h a t  t h e  same degree of freedom 

e x i s t s  i n  both c a s e s  f o r  s y n t h e s i z i n s  p a t t e r n s .  

problem l ia re tofore  wi th  t h e  c y l i o c k i c  al array h a s  been 

t h e  absence of z tcchuiqce which  would a l i o ~  se,3zra5le 

The b a s i c  

, 

the linez,. a r r s y  th5.s si'2Lrable cxc~--ai ; ion is 2 six:)le 

matter s i n c e  each t e r s  r ep resen t s  t h e  c o n t r i b u t i o n  of a 

s i n g l e  element. In t h e  c i r c u l a r  a r r a y ,  t h e  complex s p a c i a l  

a r rangenec t  does no2 allow the  i n d i v i d u a l  elements t o  

r e p r e s e n t  t h e  i n d i v i d u a l  t e r m s  'of equ a tion (I) (1 

if a nethcd 1wi-e ge3e-a:ed f o r  s e p a r r t e l y  an& iiidepeiidentl:v 

exci t ixg each 0: t h e  terms of ( l ) ,  i t  wouid follow t h a t  

t h e  problem of syn thes i z ixg  b s a s  from a c y l i n d r i c a l  

a r r a y  viouId 5e no nore d i f i f i cu l t  t han  syn thes i z ing  beams 

from a l i n e a r  a r r ay .  

However, 

b 

Some se thod  of e x c i t i n g  a l l  the T e r a s  of equat ion  (I) 

s e p a r a t e l y  and sirnulteneously is fundamental t o  t h e  concepu 

of t h c  : . ~ i n d r i c a l  array. 

a l l  of t h e  a r r s y  elenients wi th  equal ampli-cude for a i l  N 

i n p u t  p o r t s .  

from one inpu t  t o  mothe?.  

The feeding  netwolrk zust e x c i t e  

However, t h e  phase progress ion  must vary 
P 

An N por t  multiple-bean matrix 
I 

' has  t h i s  c a p a b i l i t y .  The manner i n  which t h i s  mat r ix  

f u n c t i o n s  has been descr ibed  i n  d e t a i l  i n  t h e  l i t e r a t u r e  

5, 6 ,  7 and h e m e  w i l l  not  be repeated he re .  

of the mult iple-be= matrix are equal in number to t h e  numbzr 

The ou tpu t s  

-19- 
, 



I 
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of elemerts i n  t he  a r r ay .  The multiple-beam technique 

I gene ra t e s  s i d e l o b e s  which are t h e o r e t i c a l l y  13 db below 
I '  , 
, the main beam amplitudes . Amplitude xapering -;echniques 

p r e s e n t l y  used i n  l i n e a r  arrays for modifying -;he n r i l t i p l e -  

beam unfPo1-m distribution, can be aljpl ied d i r o c t l y  to thc: 
t 

c y l i n d r i c a l  array. . 
The a n a l y s i s  of t h e  c y l i n d r i c a l  a r r a y  is somewhat 

I 

unusual  i n  t h a t  i t  does not  u t i l i z e  t h e  convent iona l  

approach of computicg t h e  far-field p a t t e r n  from t h e  

s p e c i f i c  element e x c i t a t i o n s  and t h e  geometry of t h e  

. a r r a y  c o z f i g u r a t i o n .  The described technique u t i l i z e s  

d 

t h e  concept of omnidi rec t iona l  modes which have t h e  sani'e 

matheaatical fo,-mat as the  c o n t r i b u t i o n s  of s i n g l e  elements 

I 
I 
I 
1 I i n  a convent ional  l i n e a r  a r r ay .  I t  is t h e n  presumed t h a t  i 

4 
s i n c e  the  mathematical formats are i d e n t i c a l ,  zhe t y p e s  

t of process ing  used i n  each i n s t a n c e  would a l s o  be ident ic2 , l .  

I T h i s  mathematical  c o r r e l a t i o n ,  a l though n o t  convent iona l ,  

is p a r t i c u l a r l y  convenient  i n  t he  i n s t a x e  of the  c y l i n d r l c a l  
i i 

I a r r a y .  For example, t h e  d e r i v a t i o n  of t h e  far-field pat- 
l 0 

i 
1 ~ 

t e r n s ,  and the  d e f i n i t i o n  of the  e x c i t a t i o n  c o e f f i c i e n t s  
t 

a! from which these p a t t e r n s  are der ived ,  would be mathematical;;; 

complex :and q u i t e  t e d i o u s ,  p a r t i c u l a r l y  where multiple-bezx 

systems are be ing  considered.  

The c y l i n d r i c a l  a r r a y  technique r e s u l t s  i n  element 

e x c i t a t i o n s  which, i f  treated i n  a convent iona l  manner, I 

would y i e l d  the  same f a r - f i e l d  r e s u l t s .  F igure  14 a p t l y  ! 
I 

I 
~ 

-20- 
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‘ 1  

i l l u s t r a t e s  t h a t  t h i s  is indeed t h e  case. I n  t h e  

i n s t a n c e  shown, t h e  e x c i t a t i o n s  are der ived  f o r  two types  

of element p a t t e r n s :  one which is  o n c i d i r e c t i o n z l  and t h e  

o t h e r  which is 3 c a r d i o i d .  I n  bo th  i n s t a x c s ,  the z2.r- 

fiold pa”i-,ern could h~ con3ctccl i~ “i-e ~ O E T I L ~  Z A C L C Y  to 

achieve the saae f a r - f i e l d  r e s u l t s  as is  ach ievx l  w i t h  

t h e  above a n a l y s i s .  The c h a r a c t e r  of t n e  e x c i t a t i o n  coef- 

f i c i e n t s  is markedly a2fec ted  by t h e  element p a t t e r n .  

I n  t h e  case of an oxanidirectional element pak te rn ,  t h e  

power appearing a t  t h e  elenient t e r m i n a l s  is  e q u a l l y  s t roag 

i n  t h e  di;-ection of t h e  barn poin t ing  and i n  t h c  r eve r se  

d i r e c t i o n .  For t h e  case where a c a r d i o i d  p a t t e r n  is 

assumed, t h e  energy qqears a t  t h e  elexneiit t e rmina l  i n  

t h e  d i r e c t i o n  of t h e  bemi po in t ing ,  w i t h  very l i t t l e  ap- 

pea r ing  i n  t h e  r e v e r s e  d i r e c t i o n .  

Theory of Operation Twelve-Element P lana r  Array 

Tiis a r r a y ,  as descr ibed  i n  t h e  schematic  of F igure  1;: 

c o n s i s t s  of twelve zntecna elements,  a twelve-port  n iu l t ip ic -  

bean network, and a S212T switching network. 

Tne twelve-element p l ana r  a r r a y  is unique i n  t h a t  i t  

does  not use  t h e  convent ional  square b u i l d i n g  block of 

t h e  more C O ~ ; ~ ~ , O I I  multiple-beam antenna systems . The a r r a y  

bui ld iDg block for t h e  twelve-element array is a t h ree -  

elercent e q u i - l a t e r a l  grid. This arrangement a l lows  improved 

c r o s s o v e r  l e v e l s  t o  be achieved, while  at t h e  same t i m e  

a l lowing  a r educ t ion  i n  s ide lobe  l e v e l s  r e l a t i v e  t o  t h o s e  

-21- 



ob ta inab le  from a conventional square a r r a y  having t h e  

same d i s t r i b u t i o n .  

The geometry of the twelve-element multiple-beam 

array is  sketched i n  Figure 16 and 1S. Examination of 

t h i s  f i g u r e  w i l l  i n d i c a t e  that it c o r i s i s t s  of e q u i - l a t e r a l  

g r i d s  w i t h  an element spacing equal  to, a. The r e l a t i v e  

. .  

i 
I 

v o l t age  array f a c t o r ,  i n  any plane conta in ing  a row of 

elements,  may be der ived as being e q u a l . t o  

where: 3 ,  = k a s i n  e 
P 

a = a/2 
P 

i a = g r i d  spacing (see f i g u r e  16) 
I 

k = 2n/x 

0 = angle  r e l a t i v e  t o  broadside 

h = wavelength . 
The r e l a t i v e  vol tage  a r ray  f a c t o r  for t h e  planes between 

t h e  rows of e lenen t s  ( see  f i g u r e  16)  may be w r i t t e n  as 

I where: q m  = kam s i n  0 

m a = 0.866a 

The array f a c t o r s  der ived  from equat ions  ( 4 )  and ( 5) a r e  

p l o t t e d  i n  t h e  ske tch  of Figure 17. The h ighes t  s ide lobe  

is -15.6 db. Th i s  s ide lobe  l e v e l  may be compared t o  t h a t  

Of a sizteen-element square a r ray  which has a sidelobe 1 
I 

level of -11.4 db. -22- 



I 

If a multiple-5eam twelve-port matrix is u t i l i z e d ,  

t h e  proper  phasors are added i n  t h e  a r r a y  factor t o  

gene ra t e  TC cluster of twelve bexns. The actual  angular 

location of t5e p a t t e r n s  can be detern ixed  Zj;T pi-oject ing 

the $ - p l z ~ a  pa- t torns  on t h o  s u r f a c e  c:f n s2kcra.  Tkc 

beam c l u s t e r  of twelve beams w i l l  t h u s  d-iplicatc t h e  

element arrangement of t h e  a r ray .  The crossover l e v e l s  

can  be cozputed as rzmging from -4.1 db between any two 

ad jacen t  elements,  and to -5.0 db a t  a common crossover  

of any three e l e n e n t s .  By way of conparison,  a s ix t een -  

element sc-uare array has crossover levels r z n z h g  f i u a  

f 

' ,  

, 

-3.7 db betmeen any two elenents, and t o  -7.4 db a t  any. 

c ros sove r  common t o  i o u r  elements. 

-23- 
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c 
Engineering Model 

: Using the  theory of the c y l i n d r i c a l  array and t h e  twelve 
t 

,; element planar array described above an engineering model 

( f igure  19) was fabricated demonstrating f a a s i b i l i t y  of t h e  

theory.  Following is an explanation of the operatior* of t h e  

1 .  

,j 

j 

. measured c h a r a c t e r i s t i c s .  

engineering model us ing  block diagrams and some pert inent  
! / 

~ 

i 
i 
1 
! 

. /  
j; 

1 
i .  

i 

i 

, 

I /  

*.> . 

I 
I 
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$ 

Cyl ind r i ca l  Ar ray  

The c y l i n d r i c a l  a r r a y  schematic i n  the form of a block 

diagram is  shown i n  f i g u r e  20, The components are i d e n t i f i e d  

and loca ted  i n  t h e i r  proper  p o s i t i o n  in t h e  system. The 

l i n e a r  a r r a y  formed w i t h  t y p i c a l  elements a ,b ,c  and d i s  

a d i r e c t  a p p l i c a t i o n  of t h e  Butler mat r ix  discrete beam 

forming technique. Its f u n c t i o n  is to  a l low t h e  e l e v a t i o n  

scanning of a p a r t i c u l a r  azimuth beam. 

(b ) denoted " i n t e r p o s i t i o n "  i n d i c a t e  t h e  c a p a b i l i t y  t o  form 

beams between t h e  f o u r  basic matr ix  beams t h u s  reducing t h e  

c r o s s  over  l e v e l s  from approximately -4db t o  about -1 db. 

To c a r r y  t h i s  i n t e r p o s i t i o n i n g  scheme one s t e p  f u r t h e r  it 

is p o s s i b l e  t o  reduce t h e  cross-over l e v e l s  of t h e  azimuth 

discrete beams by inco rpora t ing  " in t e rpos i t i on"  switches as 

i n d i c a t e d  between t h e  mode forming and beam f o m i n g  matrices. 

The phase c o r r e c t i o n s  

Using the  theory  previous ly  presented and t h e  d i s t r i b u -  

t i o n  network of f i g u r e  20, the  c y l i n d r i c a l  array e x h i b i t e d  

t h e  fo l lowing  nominal characteristics. 
measured 

The/beamwidth a t  2270 Mc is 180in e l e v a t i o n  and 230 i n  

azimuth. The computed ga in  is then,  
32,500 G e l 0  log 10 €IE €IA 

G - 18.9 db . 
-24- 
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I 
1 
I 

I 

I 
I 

where 9, and B A  are t h e  beamwidth i n  e leva, t ion and azimuth, 

r e s p e c t i v e l y .  However, t h e  measured g a i n  is 13db. The 

discrepancy is a t t r i b u t e d  t o  system l o s s e s  i n  t h e  ma t r i ces ,  

’ swi t ches ,  cables and s p i r a l  r a d i a t i n g  elements.  

Measured g a i n  of t h e  c y l i n d r i c a l  array a t  1700Xc i s  

14.3 db compared t o  t h e  computed ga in  of 18.1 db. 

t h i s  case also t h e  l o s s e s  are a t t r i b u t e d  t o  t h e  system 

components. 

And i n  

Twelve Element P lanar  Array 

The schematic - block diagram of t h e  12 element phased 

a r r a y  is i l l u s t r a t e d  i n  f i g u r e  15. The r e l a t i v e  phase of 

i n d i v i d u a l  r a d i a t i n g  elements for  one discrete beam p o i n t i n g  

d i r e c t i o n  is denoted on each of t h e  elements of t h e  p lan  vievi 

of t h e  array. Although t h i s  p a r t i c u l a r  phased array s y s t e m  

scans  the  upper 4 9  of a cone i n  12 p o s s i b l e  cho ices  of beam 

d i r e c t i o n ,  t he  inco rpora t ion  of i n t e r p o s i t i o n  phase s h i f t e r s  

,would  a l low t h e  formation of 12  beams between t h e  12 o r i g i n a l  

,beams t h u s  reducing t h e  cross-over l e v e l  o r  r i p p l e  t o  approxi- 

: mately -1 db i n  t h e  (2 - J2)n s t e r a d i a n s  coverage. 

The fo l lowing  c h a r a c t e r i s t i c s  of t he  p l ana r  a r r a y  are 
measured 

j nominal. Theheamwidths are approximately 30’at 1700 M c  

and 230 a t  2270 M c .  The side-lobe va lues  vary from -18 db 

t o  -12 db compared t o  a -15.6 db computed value.  

measurements i n d i c a t e  a 14.6 db ga in  a t  1700 Mc and 17 db 

a t  2270 M c .  These g a i n  va lues  a r e  t o  be compared t o  t h e  

calculated g a i n  of 16.5 db a t  1700 Mc’and 19 .1  db a t  2270 Mc. 

Again, t h e  discrepancy is a result of t h e  system l o s s e s  

Gain 
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(i.e., matrices, swi tches  and cable  l o s s e s ) .  
$ 

S o l i d  S t a t e  Switches 

Beam swi tch ing  of t h e  array is accomplished by c o n t r o l  

of bias  c u r r e n t s  of d iodes  incorpora ted  i n t o  p r i n t e d  c i r c u i t  

hybr ids .  
*.-J 

is  changed by t h e  forward o r  reverse b i a s  of d iodes .  The 

swi tches  are considered near  optimum i n  design.  Twenty w a t t s  

of averave Rl? power handl ing c a p a b i l i t y  and 1.5 kw peak power 

a l lows  t h e  antenna system t o  handle power which is c o n s i s t e n t  

w i th  or  exceeds many sa te l l i t e  app l i ca t ions .  

-. 
Thus, t he  d i r e c t i o n  of r - f  energy f l o w  i n  the  sys te r r .  

Noninal c h a r a c t e r i s t i c s  of t h e  switch are: 

(1) VSWR = 1 .2 : l  

(2) I s o l a t i o n  = 24 db 

(3) I n s e r t i o n  l o s s  = 0.5 db 

(4) Power handl ing:  20 w a t t s  average,  1.5 kw peak 

( 5 )  Switching Power (maximum) = 300 m i l l i w a t t s  

System Packaging 

I n  des igning  t h i s  antenna sys t em appropr i a t e  cons ide ra t ion  

, w a s  a l l o c a t e d  t o  t he  packaging of t h e  e n t i r e  system wi th in  

what is cons idered  atyH-1 sa te l l i t e  conf igu ra t ion .  

; s y s t e m  packaging is shown i n  f i g u r e  2L. 

The 

The i n t e r i o r  volume 

of t h e  c y l i n d r i c a l  array is e s s e n t i a l l y  open. 

83 l b s  i n c l u d i n g  all support  m e m b e r s  and t h e  c y l i n d r i c a l  body 

hous ing .Since  t h e  antenna system i t s e l f  forms p a r t  of t h e  enc los lng  
s t r u c t u r e  ( i .e . ,  c y l i n d e r  s u r f a c e  and caps)  and t h e  matrices and 
t r a n s m i s s i o n  l i n e s  are nea r ly  a l l  p r i n t e d  c i r c u i t  m o s t  of t h e  
i n t e r i o r  of t h e  s a t e l l i t e  is f r e e  of obs t ruc t ions .  
the antenna  system is approximately 65 pounds. 

The weight i s  

The weight  of 

-2 6- 
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Conclusion 
' i  

i 
I !  Antenna p a t t e r n  coverage requirements  for  communication 

sa te l l i t es  under va r ious  a l t i t u d e  and a t t i t u d e  cond i t ions  

have been b r i e f l y  covered a s  w e l l  as some c h a r a c t e r i s t i c s  

of a few p r a c t i c a l  communication s a t e l l i t e  antenna des igns .  

I t ' i s  possible t o  envis ion  t h e  requirement f o r  a . 
communication satell i te system which could have t h e  fo l lowing  

characteristics: . 
I I 

1. High g a i n  and, hence, some d i sc r imina t ion  a g a i n s t  
I 

undes i r ab le  electrical i n t e r f e r e n c e .  

2. C i r c u l a r  p o l a r i z a t i o n .  
I 

i 3. Frequency bandwidth of 15% t o  25%. 
i 

h 

4. A b i l i t y  t o  r ece ive  o r  t ransmi t  i n  m u l t i p l e  direc- 

t i o n s  e i t h e r  s imultaneously (e.g., i n  a r e p e a t e r  
I 

j 1 

I 
I sa te l l i t e  a p p l i c a t i o n )  o r  w i t h  nanosecond swi tch ing  
I 

t i m e o v e r 4 n  s t e r a d i a n s  of space. 

4 5 .  Xilowatt  peak power handl ing c a p a b i l i t y .  

I 7 .  Low d r i v e  power for phasing devices .  

6 .  Compact i n  size. 
! 

I 

I 

8 .  Radia t ing  elements-which conform t o  t h e  diameter 

of t h e  s a t e l l i t e  and t h u s  do no t  restrict t h e  

! S I  size to ,  s ay ,  N wavelengths i n  d iameter  and/or 

! pro t rude  from t h e  n a t u r a l  contour  of t h e  satel l i te .  

As system requirements  t h e  i t e m s  i n  t h i s  list p r e s e n t  

i q u i t e  a formidable  cha l lenge .  Yet, it is bel ieved  t h a t  t h e  

multi-beam 41-r s t e r a d i a n  coverage s a t e l l i t e  antenna system 

most oeariy satisfies these requirefnents. I -2 7- 
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To be s u r e ,  t o  u s e  t h i s  antenna system for a l l  communica- 
* 

t i o n  sa te l l i t es  is a mistake.  I n  t h e  prev ious  d i scuss ion  it 

h a s  been poin ted  o u t  which antenna system would s o l v e  p a r t i c u l z r  

communication satel l i te  "pa t te rn  coverage" requirements.  Sone 

of t h e s e  systems are q u i t e  simple; some are more complicated.  

But always, i n  t h e  i n t e r e s t  of c o s t  and r e l i a b i l i t y ,  t h e  

antenna system used should be t h a t  one which w i l l  do t h e  

job and no t  n e c e s s a r i l y  more. 
i 

* 
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Figure I 1  -Typical Pattern of Multi- Slot Belt A r r a y  
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